Oxygen content in the pure Silicon crystal is inevitable because of the significant rate of corrosion of the crucible walls at high temperature. Precise control of oxygen concentration in the crystal is possible only by manipulating underlying flow characteristics of the melt. Thermo-fluidics in this process are extremely complex and responsible for non-uniform oxygen striations. This work is focused to understand the melt flow complexities and its influence on oxygen distribution near the crystallization front. A global model which accounts for hardware configuration is considered for this purpose. The melt flow characteristics are investigated to study the effect of crystal and crucible rotations in absence and presence of the electromagnetic fields (EMs). Our simulation results show that strong buoyancy driven flow interaction generates non-uniformity in oxygen concentration near the edge of the crystal in the absence of magnetic field. Application of external field facilitates more pumping of melt underneath the crystal that prevents stratification of oxygen near the edge.
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INTRODUCTION
The Czochralski Growth (Cz) is extensively used for the manufacturing of single Silicon crystal. However, process control of this system is a crucial task for controlling quality of the crystal. Presence of oxygen in a grown crystal is one of the major factors for defects in the crystal or sometimes it is beneficial for controlling the crystal conductivity (Ramachandran et al., 1990) . The materials used in producing semiconductor devices and microprocessors require precise control over the distribution of the oxygen in the crystals.
The schematic of overall transport of oxygen in Cz-Si process is shown in Figure 1 . Presence of oxygen in the Si crystal is inevitable, since silica crucible dissolves into the molten Silicon and oxygen is transported into the melt from silica crucible through following reaction;
Melt carries most of the oxygen towards the gas-melt interface where it interact with the oxygen in the gas phase to form SiO(g) . Evaporation occurs at gas-melt interface and remaining oxygen gets incorporated into the crystal. Oxygen concentration in the crystal is determined by the rate of dissolution of the silica crucible and the rate of evaporation of the oxygen in the form of SiO(g). Rate of dissolution of the silica is a function of temperature of the crucible wall and convective characteristics. Rate of evaporation of oxygen is governed by two mechanisms: i) convective transport of the oxygen from the bottom of the crucible and ii) carry over rate of the oxygen by argon flow outside the melt through gas-melt interface. In earlier smaller size crucibles (Organ et al. 1987 , Ramachandran et al. 1990 and Ma and Walker, 1997 , boundary layer analysis enables accurate prediction of oxygen distribution due to laminar nature of flow. For large crystal growth processes (>200mm), flow is more unstable due to high Grashof (Gr) or Rayleigh (Ra) numbers (Gr ∝ h 3 ) (Zhang et al. 1999 and Grabner et al. 2000) . Various previous studies (Kobayashi 1991 , Kakimoto et al. 1996 , Machida et al. 2000 , Vizman et al. 2001 , Watanabe et al. 2002 have indicated that the application of the external magnetic field is one of the effective ways to manipulate the flow characteristics and hence the oxygen. Interaction of thermo-fluidic flow with crystallization front is responsible for the non-uniformity of oxygen in the growing crystal. More than 99% of the oxygen evaporates through gas-liquid interface and evaporation is considered as instantaneous (Kobayashi et al. 1991 , Togawa et al. 1995 , Machida et al. 2000 and Smirnov and Kalaev, 2008 . Hence accuracy in the flow prediction is indispensable. In the Cz crystal growth process, most of the heat from the heaters to the crucible is transferred by radiation. Various hardware internals such as surrounding insulations, crucible support and gas guide/heat shield above argon-melt interface affect the temperature and flow in the crucible. In order to understand the overall characteristics of the process, global analysis becomes an integral part of such study and such an approach has recently been used by several researchers for this purpose (Li et al. 2002 , 2003 , Kalaev et al. 2003 , Liu et al. 2007 , Smirnov and Kalaev, 2008 ).
This manuscript is organized in the following manner. Next section describes the model equations for Cz-Si process. This section goes through three subsections: model equations for Silicon melt flow, model equations for magneto-hydrodynamics, and transport equations for oxygen. Results are presented in the consecutive section, in which first melt flow and oxygen predictions are discussed in presence of crystal and crucible rotation conditions. Quantitative changes in oxygen distribution in the melt in presence of magnetic field (MR=0.64, 1 and 2.36) are reported the end of this section. Finally conclusions of this work are presented.
MODEL DESCRIPTION
In this study, we have developed a global computational model to simulate the flow characteristics for various operating parameters. Different interconnected computational domains (shown in Figure 2 ) are considered in this model viz; melt-crystal (Si domain), agron (gas domain), graphite supports and surrounding insulation with outer steel wall (solid domain). Conduction, convection and radiation heat transport are considered in the fluid domains (melt and argon) and radiation and conduction heat transfer is considered in other solid regions. Solidification process is modeled using mushy zone approach in the melt/crystal domain. Details on furnace dimensions and flow model equations are provided in Gunjal et al. (2009) . In this study, we further extend the applicability of this model to predict the oxygen distribution in the melt under various operating conditions including application of a magnetic field. The applied electromagnetic field produces currents in the conducting melt. In the presence of a magnetic field, current carrying melt fluid experiences a Lorentz force that will alter the flow conditions of the melt. In this section, we provide the governing equations for melt flow in presence of a magnetic field and equations for electromagnetic fields and oxygen transport. Dimensional analysis of melt flow equations, parameters used in dimensioning the terms and the equations used for other domains, a reader should refer Gunjal et al. (2009) 
Dimensionless Number Definition Characteristic Reynolds number 
Model for Electromagnetic Forces
For conducting Silicon material, in the presence of electromagnetic field, melt element experiences a force, Lorentz force, is calculated using electromagnetic field equations. These equations are described as follows:
Current produced in the Silicon melt is conservative, hence
Current density (j=in the moving fluid element is given by Ohm's law,
Where E * is defined as,
E r is the electric field which can be expressed in terms of electric potential (ϕ) as; ϕ
From current density information and the applied magnetic flux density, Lorentz for acting on the fluid element is given as; ) (
Therefore, components of the Lorentz force used in the above momentum balance equations are as follows: r-component:
Boundary conditions are required for the solution of the electric potential equation. Boundaries of the crucible wall, crystal walls in contact with argon gas and Silicon melt-gas interface are considered as an insulated. Crystal's conductivity is very small as compared to the conductivity of the Silicon melt. Previous researchers have used the crystal-melt interface as an insulation (neglecting the electric conductivity of crystal) or current continuity at the melt-crystal interface. In this study, we treat crystal as an insulator with small electric current passes through the crystal. Crucible is rotating and is considered as insulator; therefore following condition is valid at the walls of the crucible:
where, components of the velocity vector v r and v θ for the crucible are zero and crucible is rotating at a constant angular velocity.
Transport Equations for Oxygen
Governing equation for the transport of oxygen in the Silicon melt is considered as transportation of inert dilute species and hence presented in the form of convectiondiffusion equation as follows:
where D eff is the effective diffusivity of the oxygen defined as:
Where Sc = 10 and Sc t = 0.9
Boundary conditions for the oxygen transport
At crucible wall, dissolution of the silica crucible is occurred by following reaction,
Oxygen dissolution rate is measured by Huang et al. (1994) is given as: 
At melt-crystal interface, segregation coefficient for oxygen is assumed to be one. For lower pull rate and diffusivity in the solids, following boundary condition is valid (normal gradient is zero):
At the gas-melt interface, evaporation of the oxygen is considered using following rate equation (Togawa et al. 1995) : 
RESULTS
In the following sections, we discuss the numerical results on the melt flow simulations to demonstrate the implications of local flow variation on oxygen distribution in the melt. We present results for various case studies: in the first case, melt flow under crystal and crucible rotation condition is considered and oxygen distribution in the melt is predicted. In the subsequent cases, application of external CUSP magnetic field with magnetic ratio MR=0.64, 1 and 2.38 are considered for simulations. Effect of these operating parameters on oxygen distribution is discussed with the help of simulation results.
Melt under rotation conditions
Co-rotation of the crystal and crucible is considered and the results of predicted flow profile and temperature distribution is shown in the Figure 3a -b. Centrifugal force due to the crystal rotation strengthens the counter-rotating flow cell in the central region of the crucible (call TaylorProudman cell). Near the crucible edge, buoyancy driven flow cell is observed which occupies entire crucible region in absence of any rotations. Rotation facilitates decrease in meridional flow considerably and hence reduces adverse effects of turmoils produces by thermal flows. Due to reduced meridional flow, conductive heat transfer becomes comparable with convection in the outer region of the crucible (for more details, ref. Gunjal et al. 2009 ). Here, it is important to study oxygen distribution in such complex flow system.
Flow structure in the crucible indicates that oxygen dissolved from the crucible wall is carried away by meridional flow either towards gas-melt interface (transported by buoyancy flow cell) or towards crystallization front (transported by Taylor-Proudman cell). Therefore, oxygen carried by centrifugal flow cell get incorporated into the crystal, however near the edge of the crystal, the buoyancy cell is interacting with the crystal. Most of the oxygen carried by the buoyancy cell evaporates through gas-melt interface and the remaining is carried towards crystallization front. The portion of the crystal in contact with buoyancy cell receives less oxygen from melt compared to the central portion of the crystal. Hence, oxygen level in the core region of the crucible is higher 1.4x10 18 atoms/cm 3 compared to edge region >1x10 18 atoms/cm 3 ). 
Silicon
Melt Properties
Effect of External Magnetic Field
CUSP magnetic field configurations
CUSP magnetic field can be produced by using two coils in the upper and lower portion of the system. The magnitude and direction of the external magnetic field can be varied by changing the current and the ratio of currents in the upper and the lower coil respectively. CUSP magnetic field ratio (MR) is the ratio of the current in the lower to the upper coil. For example, MR=1 indicates current in the both coils is same and field generated under these conditions produces zero gauss plane at the centre of the melt-crystal interface as shown in Figure  4b . MR=0.64 indicates more current in the lower coil and zero gauss plane lie inside the crystal (Figure 4a ), while MR=2.38 indicates zero gauss plane lie inside the melt as shown in Figure 4c .
Melt flow in presence of magnetic field
For simulating flow in presence of the magnetic field, crystal rotation 12 rpm and crucible rotation 1.5 rpm is considered as a base case. Predicted flow and temperature profiles in presence of CUSP magnetic field for MR=0.64 are shown in Figure 5a Figure 6a. Application of external magnetic field show two major changes in the melt flow; strength of the magnetic field is higher in the core and the edge region of the crucible, which diminishes the effect of crucible rotation. Strength of magnetic field is lower near the crystallization front; hence crystal rotation effect produces strong centrifugal flow below the crystal (ref. Figure 5a and Figure 6a ). This flow carries heat from the bottom of the crucible and produces high temperature gradients near the crystallization front. This heat also facilitates movement of melt-crystal interface inside the crystal (not shown here, note that the temperature gradients and interface position are the important parameters for the defects and dislocations studies).
For MR=1, zero Gauss plane is located at the centre of crystal-melt interface, the region of negligible magnetic strength. Near the edge of the crucible, magnetic field strength is lower compare to above case. Decrease in magnetic field strength enhances the buoyancy driven flow slightly (see Figure 5b and Figure 6b ). Since magnetic field strength is negligible at the centre, crystal pumping effect strengthens the Taylor-Prudman cell under the crystal. Flow pattern for both cases (MR=0.64 and 1) are similar in nature, except stronger meridional flow cells in later case. Therefore, it is interesting to see change in oxygen concentration due to marginal change in flow In the presence of a magnetic field, two changes in the melt flow are observed: azimuthal flow due to crucible rotation gets suppressed and counter rotating buoyancy cell increases to some extent compared to the co-rotating centrifugal cell underneath the crystal (Ref. Figure 5 and Figure 6 ). Variation of oxygen concentration in the melt, hence in the crystal, is the function of the relative strength of these flow cells. Buoyancy driven cell in the outer region of the crucible carries dissolved oxygen towards the gas-melt interface and central co-rotating centrifugal cell present below the crystal carries dissolved oxygen towards the crystallization front. Simulation results indicate that the relative strength of the central centrifugal cell is higher when magnetic field ratio is increased or decreased from MR=1 and this trend is more pronounced for MR=2.38. Therefore, oxygen concentration is higher in the central region for MR=0.64 and 2.38 (ref. Figure 7) . Most of the oxygen reaches to the gas-melt interface through buoyancy driven cell. However, for MR=2.38, only part of the oxygen carried from the crucible wall reaches to the gas-melt interface through external buoyancy driven flow. Oxygen evaporation rate is lower due to extended centrifugal cell in the core region of the crucible. Therefore, at MR=2.36, oxygen concentration in the melt is higher than other two cases. For MR=1, both flow cells are marginally stronger than the case with MR=0.64. Crucible wall temperature is more or less same for these cases; hence oxygen concentration in the melt is function of the dissolution rate at the walls and evaporation rate at the gas-melt interface. Higher buoyancy flow results in lower oxygen concentration in the melt, indicating instantaneous evaporation is playing substantial role in deciding oxygen concentration levels in the melt. Oxygen concentration at the crystallization front is compared with and without field case in Figure 8 . Centrifugal flow cell for without magnetic field case is weaker than with magnetic field cases. Oxygen depleted buoyancy driven flow penetrates into the edge of the crystal and hence higher radial non-uniformity is observed near the crystallization front without the magnetic field. Such stratification quantitatively is shown in Figure 8 . Oxygen concentration falls below 1x10 18 atom/cm 3 near the edge of the crystal and as high as 1.15x10
18 atoms/cm 3 in the central region of the crystal. Applied magnetic field prevents oxygen depleted buoyancy driven flow interaction with the crystal edge and hence oxygen is uniformly distributed near the crystal-melt interface. As discussed earlier, higher oxygen concentration is also observed near crystallization front for MR=2.36 and 0.64 due to centrifugal and buoyancy cell respectively. Model results presented are found to be helpful for getting insight into the complex flow behaviour of melt in Cz process and devising operating guidelines for Cz process.
